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FIG. 4C
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HIGH-LINEARITY TRANSISTORS

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims priority to U.S. provisional appli-

cation Ser. No. 62/436,511, titled “THRESHOLD VOLT-
AGE-ENGINEERED NITRIDE-BASED HIGH PERFOR-

MANCE TRANSISTORS FOR HIGH FREQUENCY
AND/OR HIGH-POWER ELECTRONICS,” filed Dec. 20,

2016, which 1s hereby incorporated by reference in 1ts
entirety.

BACKGROUND

1. Field of Invention

The techniques described herein relate to semiconductor
devices, circuits and fabrication techniques that can improve
linearity:.

2. Discussion of the Related Art

Power amplifiers are used in a variety of technologies,
such as wireless data communication, for example.

SUMMARY

Some embodiments relate to a transistor that includes a
first gate-controlled region having a first threshold voltage
and a second gate-controlled region 1n parallel with the first
gate-controlled region. The second gate-controlled region
has a second threshold voltage different form the first
threshold voltage.

The transistor may be a field eflect transistor.

The field eflect transistor may be a high electron mobility
transistor (HEMT).

The transistor may include a I1I-V semiconductor mate-
rial.

The transistor may include a source, a drain and at least
one gate.

The first and second gate-controlled regions may be
controlled by the at least one gate and are 1n parallel between
the source and the drain.

The first gate-controlled region and the second gate-
controlled region may have different dimensions.

The first gate-controlled region and the second gate-
controlled region have diflerent widths.

The first gate-controlled region and the second gate-
controlled region may have different compositions.

The first gate-controlled region may have a first barrier
region and the second gate-controlled region has a second
barrier region, and the first and second barrier regions may
have different thicknesses.

The first gate-controlled region may be controlled by a
first gate region having a first gate material and the second
gate-controlled region may be controlled by a second gate
region having a second gate material different from the first
gate material.

The transistor may include a first gate dielectric overlying
the first gate-controlled region and a second gate dielectric
overlying the second gate-controlled region.

The first and second gate dielectrics may have diflerent
thicknesses and/or compositions.

The first gate-controlled region may be controlled by a
first gate region and the second gate-controlled region may
be controlled by a second gate region, the transistor may
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turther include a first matenial overlying the first gate region
and a second material overlying the second gate region, and
the first and second materials may have different composi-
tions, doping concentrations and/or thicknesses.

The first gate-controlled region may be controlled by a
first gate finger and the second gate-controlled region may
be controlled by a second gate finger.

The transistor may include a plurality of source and drain
regions.

The first and second threshold voltages may be offset from
one another to reduce g" .

The transistor may further include a third gate-controlled
region having a third threshold voltage different from the
first threshold voltage and the second threshold voltage.

The first and second threshold voltages may be oflset from
one another by 0.1-2V and the second and third threshold
voltages may be offset from one another by 0.1-2V.

Some embodiments relate to circuit including a first
transistor having a first threshold voltage and a second
transistor in parallel with the first transistor. The second
transistor has a second threshold voltage different from the

first threshold voltage.

Some embodiments relate to a method of forming a
transistor, including forming a first gate-controlled region
having a first threshold voltage, and forming a second
gate-controlled region in parallel with the first gate-con-
trolled region. The second gate-controlled region has a
second threshold voltage different from the first threshold
voltage.

Some embodiments relate to a transistor including a
plurality of gate-controlled regions in parallel with one
another and having different threshold voltages.

The different threshold voltages may be offset from one
another to reduce g" for the transistor.

The plurality of gate controlled regions may include a first
plurality of gate-controlled regions having a first threshold
voltage and a second plurality of gate-controlled regions
having a second threshold voltage, where a number of the
first plurality of gate-controlled regions 1s diflerent from a
number of the second plurality of gate-controlled regions.

A number of the plurality of gate-controlled regions may
be greater than five or greater than ten, and less than one
thousand or less than one hundred.

A transistor, comprising;:

a first sub-transistor having a first threshold voltage; and

a second sub-transistor in parallel with the first sub-
transistor, the second sub-transistor having a second thresh-
old voltage different form the first threshold voltage.

The foregoing summary 1s provided by way of 1llustration
and 1s not intended to be limiting.

BRIEF DESCRIPTION OF DRAWINGS

In the drawings, each identical or nearly i1dentical com-
ponent that 1s 1llustrated in various figures 1s represented by
a like reference character. For purposes of clarity, not every
component may be labeled 1n every drawing. The drawings
are not necessarily drawn to scale, with emphasis instead
being placed on illustrating various aspects of the techniques
and devices described herein.

FIG. 1A shows a plot of output power vs. input power.
FIG. 1B shows a plot of PAE vs. output power.

FIG. 2A shows the non-linear gain performance of a GaN
HEMT in terms of 1its g_ . FIG. 2B shows the non-linear gain
performance of a GaN HEMT 1n terms of 1ts g_ double
derivative (g ") over the full operating regime of the PA.
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FIG. 3A shows the g" characteristics of the constituent
clements of an exemplary design. FIG. 3B shows the eflec-

tive g"_ behavior. FIG. 3C illustrates an example 1n which
a plurality of transistors with different V s are connected 1n
parallel with their sources connected together, their drains
connected together, and their gates connected together.

FIGS. 4A and 4B 1illustrate a conventional planar HEMT.
FIG. 4C shows another example of a conventional planar
HEMT with a plurality of gate fingers.

FIGS. 5A-5E and 6A-6H illustrate a transistor structure
having a nanowire (or castellated) configuration or a fin
configuration.

FIG. 7A shows a perspective view and FIG. 7B shows a
top view of a transistor structure having a nanowire con-
figuration or a {in configuration.

FIG. 8A shows a plot of g",, vs. V_  for a planar GaN
HEMT having a nanowire configuration or a {in configura-
tion with varying widths. FIG. 8B shows a plot of V- vs
width for such a transistor.

FIGS. 9A and 9B illustrate varying threshold voltage by
varying semiconductor composition.

FIGS. 10A and 10B 1illustrate varying threshold voltage
by varying barrier region thickness.

FIGS. 11A and 11B 1llustrate varying threshold voltage by
varying gate material composition.

FIGS. 12A and 12B illustrate varying threshold voltage
by varying gate dielectric thickness and/or composition.

FIGS. 13A and 13B illustrate varying threshold voltage
by varying the thickness and/or doping of a semiconductor
region overlying the gate.

FIGS. 14A and 14B show an embodiment in which the
multiple finger regions of the structure of FIGS. 7A and 7B
may be formed only beneath the gate metal while the access
regions remain as conventional planar GaNlN transistors. FIG.
14C shows a transistor having a plurality of gate fingers with
different threshold voltages. FIG. 14D shows the threshold
voltage may be varied across one or more gate fingers.

FIGS. 15A-D 1illustrate linearity for individual devices
and a composite device.

FIGS. 16 A-H show a fabrication techmque for a transistor
having improved linearity.

FIG. 17A-C 1illustrates a type-I S-fin device and 1its
characteristics.

FIG. 18 1illustrates a type-1 M-fin device.

FIG. 19 shows a type-11 M-1in device.

FIG. 20A shows a plot for one example in which the
number of sub-transistors or gate controlled regions varies
with threshold voltage. FIGS. 20B-20D show g, ¢'  and
g" for a device having variations in the number of sub-
transistors or gate controlled regions as illustrated i FIG.
20A and a reference device.

DETAILED DESCRIPTION

The recent proliferation of mobile devices along with the
surge 1n the demand for internet of things (IoT) 1s promoting
the need for eflicient wireless data communication. Key
emergent applications ranging from 5G-LTE, WIMAX, Sat-
Com, CAT-TV, radar, space applications, D2D and other
communication protocols 1n the range of L-band to mailli-
meter-wave may need to operate within stringent constraints
on the spectral bandwidth as well as adjacent-channel 1nter-
terence. There 1s also a demand for lowering power con-
sumption associated with standard communication proto-
cols. The RF power amplifier (PA) in the base station of a
cellular network consumes significant power. This indicates
the mmportance of improving the power-added-etliciency
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(PAE: an efliciency metric for DC to RF power conversion)
of the constituent solid-state transistors in the PA, while
avoiding signal distortion and the degradation of signal
quality. Modern digital modulation techmques may demand
high linearity from RF-PAs 1n order to avoid mtermodula-
tion distortion and channel mterference. Unfortunately, RF-
PAs perform best 1n terms of PAE when they are driven near
their saturation power-levels where they also exhibit the
highest non-linearity. The non-linear behavior of the PA
results from, among other 1ssues, 1ts constituent transistors
exhibiting a non-linear relationship between their input (gate
to source voltage: V -.) and output (drain current: 1) 1n the
form of non-linear transconductance gain (G,). This inherent
trade-oil between PAE and linearity 1s highlighted in FIG.
1A and FIG. 1B, along with an illustration of the back-off
technique in FIG. 1B (operation of PAs 6-10 dB below the
saturation power Psat). The non-linearity of the FET causes
the P_ . to saturate as P, increases and creates non-linear
output-signal along with signal distortion and adjacent chan-
nel mterference. Any back-ofl in P_ . to maintain linearity
will reduce PAE and increases power consumption of RF-
PA.

Historically, silicon-based LDMOS transistors have been
the primary devices used in the design of PAs, but have
sullered from high losses, low operating frequency, low
RF-power conversion capability and poor high-temperature
performance. Opportunities for higher frequency power
amplification have emerged with the development of Gal-
llum Nitride (GalN) devices, which give a better electron
mobility along with a higher critical electric field than those
of silicon.

The predominant GaN device architecture today i1s the
planar High Flectron Mobility Transistor (HEMT). These
have two key limitations: (1) poor linearity performance in
Class-B to -AB quiescent operating conditions (V . around
the threshold voltage (V.,)) due to the non-linear DC-
transconductance (g,) behavior around V., and (1)
transconductance roll-ofl at high quiescent operating condi-
tions (Class-A) caused by the access regions of the device.
FIG. 2A shows the non-linear gain performance of a GalN
HEMT in terms of its g_ . FIG. 2B shows the non-linear gain
performance of a GaN HEMT 1n terms of its g double
derivative (g _") over the full operating regime of the PA.
Significant non-zero g"  content and hence intermodulation
distortion (IMD) 1s present around V., due to the sharp
transition form oilf-to-on state of the transistor, along with
non-zero g" at high V .. resulting from the access regions
of the device.

Disclosed herein 1s a V _-engineered transistor, circuits,
and associated techniques that can address the limitations of
prior transistor technologies, such as GalN transistors. In
some embodiments, the V ~engineered transistor has differ-
ent Vs 1n different regions of the device. V.- may be varied
in discrete regions of the device or continuously across the
device. This produces a transistor having a plurality of
sub-transistors 1n parallel with different threshold voltages.
The term “‘sub-transistors” refers to transistors having dii-
ferent gate-controlled regions that are constituent elements
of a composite transistor. The drains of the sub-transistors
may be connected together (at the same node or potential),
the sources of the sub-transistors may be connected together
(at the same node or potential) and the gates of the sub-
transistors may be connected together (at the same node or
potential). A gate-controlled region 1s a region (e.g., a
channel) of a semiconductor device having 1ts conductivity
controlled by the gate. A gate-controlled region may include
one or more semiconductor materials or regions of semi-
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conductor materials. There can be a finite number of sub-
transistors 1n the case of discrete regions or an infinite
number 1 the case of a continuously varying threshold
voltages across the device. In some embodiments, the varia-
tions 1n V- coincide with different carrier densities produced
in different regions of the transistor.

Several ways of producing different Vs and different
carrier densities are disclosed herein. For example, in a
lateral GaN transistor, the V., can be changed along its
width-direction either 1n a single gate finger or among
multiple fingers. The techniques described herein can create
multiple sub-transistors within a single device which are in
parallel (either in multiple fingers and/or along the width-
direction 1n the same finger, in the case of a lateral GalN
transistor) and have V., oflsets between them. The g"
characteristics of the constituent elements of an exemplary
design are shown 1n FIG. 3A and the effective g"_ behavior
of the composite device 1s shown 1n FIG. 3B. In some
embodiments, the offset 1n V.- between diflerent gate-con-
trolled regions or sub-transistors may be between 0.1 and 2.0
V.

As can be seen, the V - oflsets among the parallel elements
are such that the non-zero components of g" are at least
partially cancelled to yield an overall lower g" 1n the
composite device. This can be done by aligning the peak(s)
of ¢g" 1rom one or more regions with the valley(s) of g"
from another region in parallel to reduce the magnitudes of
the peaks and/or valleys of g" . This technique to lower the
g" (as well as the gate capacitance derivatives) translates to
large signal linearity improvements in the composite device.
By using this new technology, GaN transistors can poten-
tially overcome the non-linearity limitations of conventional
GalN transistors. This may allow them to exceed the func-
tional parity with S1-RF devices to gain widespread adop-
tion, which will improve the system level power efliciency
in communication systems while retaining signal integrity.

In this disclosure, we describe new V ~engineered struc-
tures based on III-Nitride semiconductors. Using these new
transistor structures and fabrication technologies, high per-
formance I1I-Nitride based RF or high power-transistors can
be fabricated. Similar technology can be applied to improve
the linearity of transistors made with materials other than
III-Nitride semiconductors. However, the techniques
described herein may be applied to other I1I-V semiconduc-
tor materials or other types of semiconductor materials.

The threshold voltage can be varied across a transistor to
achieve eflectively a plurality of sub-transistors in parallel
with different threshold voltages. Alternatively, separate
transistors with different threshold voltages may be con-
nected 1n parallel. The transistors or sub-transistors with
different threshold voltages may be formed on the same
substrate or different substrates. FIG. 3C illustrates an
example 1n which a plurality of transistors with different V s
are connected in parallel with their sources connected
together, their drains connected together, and their gates
connected together.

Prior to discussing ways 1in which V.- can be engineered,
exemplary transistor structures will be described.
Exemplary Transistor Structures

FIGS. 4A and 4B 1llustrate a conventional planar HEMT.
As 1llustrated, a single gate finger F extends over the
semiconductor region between the source S and the drain D.
A single channel extends between the source and the drain.
FIG. 4C shows another example of a planar HEMT that can
produce more current than with a single gate finger. As
shown in FIG. 4C, the transistor includes a plurality of
alternating source and drain regions. The transistor includes
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a plurality of gate fingers F1-F3, each between a respective
source and drain region. The source regions are connected
together and the drain regions are connected together. The
transistor ol FIG. 4C eflectively has a plurality of sub-
transistors connected 1n parallel.

FIGS. SA-5E and 6A-6H illustrate a transistor structure
having a nanowire configuration or a fin configuration.

FIG. 5A shows a top view of an electrode structure 1a
which may be formed 1n a semiconductor chip, according to
some embodiments. As shown 1n FIG. SA, electrode struc-
ture 1A includes an upper electrode region 2 and lower
clectrode regions 3 extending downward from the upper
clectrode region 2. As shown 1n FIG. 5A, the lower electrode
regions 3 may include conductive plates or other regions
extending parallel to one another. The lower electrode
regions 3 may have a patterned structure. As shown 1n the
example of FIG. SA, the lower electrode regions 3 may have
a periodic structure of a period p. The lower electrode
regions 3 may have a length 13 and a width w3, as shown
in FIG. SA. The upper electrode region 2 may have a length
12 and a width w2.

FIG. 5B shows a cross section of the electrode structure
of FIG. SA along the line A-A of FIG. 5A. As shown 1n FIG.
5B, the upper electrode region 2 may be formed over a
semiconductor region 4. The lower electrode regions 3 are
recessed within the semiconductor region 4, as lower elec-
trode regions 3 extend downward from the upper electrode
region 2 1nto the semiconductor region 4. In the example
shown 1n FIG. 3B, the lower electrode regions 3 are formed
in trenches 1n the semiconductor region 4. The lower elec-
trode regions 3 may fill all or a portion of the trenches. The
trenches have a height h. The semiconductor region(s)
between the trenches are referred to herein as fins 14.

FIG. 5C shows the cross section of another embodiment
ol an electrode structure in which an 1nsulating material 5 1s
present between the semiconductor region 4 and the elec-
trode structure 1A. In such an embodiment, insulating
material 5 may be present along the entire interface between
the semiconductor region 4 and the electrode structure 1A or
a portion of the interface between the semiconductor region
4 and the electrode structure.

FIG. 5D shows the top view ol another variation of an
embodiment of an electrode structure 1D in which the
trenches 7 extend beyond the area of the chip covered by the
upper electrode region 2 on both a first side and a second
side of the upper electrode region 2. Lower electrode regions
3 may extend into the trenches 7. Lower electrode regions 3
may fill all or a portion of the trenches 7. For example, i
lower electrode regions 3 fill a portion of the trenches 7, the
lower electrode regions may fill the portion of trenches 7
lying below the upper electrode region 2. Electrode structure
1D may have a cross section as illustrated 1n FIG. 5B or FIG.
5C, for example.

FIG. SE shows the top view of another vaniation of an
embodiment of an electrode structure 1E in which the
trenches 7 extend beyond the area of the chip covered by the
upper electrode region 2 on one side of the upper electrode
region 2. Lower electrode regions 3 may extend into the
trenches 7. Lower electrode regions 3 may fill all or a portion
of the trenches 7. For example, 1f lower electrode regions 3
{111 a portion of the trenches 7, the lower electrode regions
may fill the portion of trenches 7 lying below the upper
clectrode region 2. Electrode structure 1E may have a cross
section as 1illustrated 1n FIG. 5B or FIG. 5C, for example.

Any suitable electrode structure may be used. In some
embodiments, an electrode structure 1 may be used having
a top view as 1llustrated in FIG. SA, 5D, or SE. The electrode
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structure may have any suitable cross section, such as those
shown 1n FIGS. 3B and 5C. The reference to “‘electrode

structure 17 herein 1s used to refer to an electrode structure
as 1llustrated 1n any of FIGS. 5A, 5D, and 5E having any
suitable cross section, such as those illustrated 1in FIGS. 5B
and 5C.

A variety of suitable maternials may be used for the
clectrode structure 1, semiconductor region 4, and insulating
material 5. In some embodiments, semiconductor region 4
includes one or more layers of 111-V semiconductor material,
such as a I1I-N semiconductor material including a group 111

clement and nitrogen. Examples of suitable group III-N
materials include GaN (Gallium Nitride), Al ,Ga,_ N (Alu-
minum Gallium Nitride with any suitable Aluminum content
x1) and Al ,In ,Ga_,N (Alumium Iridium Gallium Nitride
with any suitable Aluminum, Indium and Gallium contents
x2, y2 and z2, respectively, where x2+y2+z2=1 and each of
x2, yv2 and z2 1s greater than or equal to 0 and less than or
equal to 1), by way of example. However, any suitable types
of semiconductor materials may be used. In some embodi-
ments, semiconductor region 4 may include a group IV
semiconductor such as S1 (Silicon) and/or Ge (Germanium)
and/or S1C (Silicon Carbide) and/or diamond. However, any
suitable type of semiconductor material may be used, not
limited to III-V or group IV semiconductors. Electrode
structure 1 may be formed of a metal, a metal alloy, or any
other suitable conductive material, such as a doped semi-
conductor matenial, for example. Upper electrode region 2
and lower electrode regions 3 may be formed of the same
material or a different material. In some embodiments, a
wide bandgap matenial (e.g., aluminum nitride) may be used.
If an insulating material 5 1s present, any suitable type of
insulating material may be used for insulating material 3
such as an oxide (e.g., silicon oxide), a nitride (e.g., silicon
nitride), etc.

Electrode structures such as those shown 1n FIGS. 5A-5
may be 1mncluded 1n semiconductor devices such as transis-
tors for example. In some embodiments, a field eflect
transistor (FET) may include an electrode structure as
described herein for one or more of the following electrodes:
the gate electrode, the source electrode, or the drain elec-
trode. In some embodiments, a field eflect transistor may be
formed 1n which an electrode structure as described herein
1s 1included as a field plate or an anode of a body diode.

The use of an electrode structure having an electrode
region recessed within a semiconductor region can enable
reducing the leakage current for field eflect transistors. In
conventional nitride-based transistors, when the transistor 1s
in the ofl-state and blocking a voltage present at the drain,
leakage current can flow between the source and drain
regions beneath the channel region of the transistor due to
the reduction of channel barrier height. This phenomenon 1s
referred to as DIBL (Drain Induced Barrier Lowering). The
ellect of DIBL may be particularly large for transistors with
smaller gate lengths. The present inventors have appreciated
that conventional gate electrodes are ineffective to reduce
the leakage current that flows below the channel region of
the transistor. The electrode structures described herein can
reduce leakage current flowing below the channel region
through the use of electrode regions extending down 1nto the
semiconductor region, €.g., on the sides of the channel
region. When such an electrode 1s used as the gate of the
transistor or as a field plate, for example, portions of the
clectrode are closer to the region below the channel 1n which
leakage current tends to flow, enabling increasing the poten-

tial barrier 1n this region and reducing the leakage current.
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FIG. 6 A shows an example of a field effect transistor 10
formed in a semiconductor region 4, according to some

embodiments. In some embodiments, the field efl

eCt tran-
sistor 10 may be a HEMT (High Electron Mobility Tran-
sistor),  MIS-HEMT

(Metal-Insulator-Semiconductor-
HEMT), MISFET (Metal-Insulator-Semiconductor Field
Effect Transistor), JFET (Junction Field Effect Transistor) or
MESFET (Metal-Semiconductor Field Effect Transistor).

Field effect transistor 10 includes a source region 11 and a
drain region 12. Between source region 11 and drain region
12 1s formed an electrode structure 1. Although electrode
structure 1 1s shown as having a configuration as 1llustrated
in FIG. 5A, electrode structure 1 may be formed in a
different configuration, such as those shown in FIGS. 5D
and SE. As shown in FIG. 6A, the electrode structure 1
extends only a portion of the distance d between the source
region 11 and the drain region 12. The semiconductor region

* e

4 may include access regions such as drift and/or diffusion
regions between the gate and the source 11 and/or drain 12.
The fins 14 may extend across a portion of the distance
between the source and the drain, as shown 1in FIG. 6A, or
may extend the entire distance between the source and the
drain. In some embodiments, electrode structure 1 may form
the gate of the field effect transistor 10. As discussed above,
trenches may be formed in the semiconductor region 4, and
the lower electrode regions 3 of the electrode structure 1
may be formed 1n the trenches, such that the lower electrode
regions 3 of the electrode structure 1 extend into the semi-
conductor region 4. As shown in FIG. 6A, the trenches 1n
which the lower electrode regions 3 are formed extend along
a direction that extends between the source region and the
drain region. The direction 1n which the trenches extend may

be parallel to a direction of current flow in channel regions
of the field efect transistor 10.

FIG. 6B shows a cross section of the field effect transistor
10 along the line B-B shown 1n FIG. 6A, according to some
embodiments. FIG. 6B shows that a second semiconductor
region 6 can be formed above semiconductor region 4. As
shown 1n FIG. 6B, a second semiconductor region 6 may be
formed between each upwardly-extending portion of semi-
conductor region 4 and the upper electrode region 2 of the
clectrode structure 1. A first semiconductor region 4 and the
second semiconductor region 6 may be formed of different
materials to form a heterostructure that establishes a channel
at the interface of semiconductor regions 4 and 6 for
establishing conduction using a two-dimensional electron
gas (2DEG). Second semiconductor region 6 may be
referred to as a “barrier region.” The second semiconductor
region 6 may include a semiconductor material having a
bandgap larger than that of the first semiconductor region 4.
In some embodiments, the second semiconductor region 6
may 1include several semiconductor layers to introduce a
conduction (and/or valence) band discontinuity with semi-
conductor region 4.

FIG. 6C shows a portion of FIG. 6B 1n greater detail,
illustrating a region 1n which a channel 1s established
between the first semiconductor region 4 and the second
semiconductor region 6, such that current may tlow between
the source region 11 and the drain region 12. Regions 4 and
6 between respective trenches collectively form a fin 14. As
shown 1n FIG. 6B, a plurality of such regions may be formed
to establish a corresponding plurality of channels between
the source and drain regions. In some embodiments, the
trenches 1n the semiconductor region 4 may be patterned and
formed parallel to one another. Between each of the trenches

an upwardly-extending region of semiconductor region 4
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exists 1n which a channel may be formed. Any suitable
number of such channel regions may be formed.

In some embodiments, the first semiconductor region 4
and the second semiconductor region 6 may be formed of
[II-N semiconductor materials, as discussed above. For
example, the first semiconductor region 4 may be formed of
GaN (Gallium Nitride) and the second semiconductor region
6 may be formed of AlGaN (Aluminum Gallium Nitride). In
some embodiments, the first semiconductor region 4 may
include AllnGaN of a first composition (Al In,, Ga, N) and
the second semiconductor region 6 may include AllnGalN of
a second composition (Al ,In ,Ga_,N). However, any suit-
able nitride or non-nitride semiconductor materials may be
used. In some embodiments, semiconductor region 4 and/or
6 may include multiple layers of semiconductors. For
example, 1n some embodiments the first semiconductor
region 4 may include a GalN/InGaN/GaN structure and the
second semiconductor region 6 may iclude an AIN/AlGaN
structure.

FIG. 6D 1illustrates a perspective view of the cross section
shown 1n FIG. 6B. FIG. 6D 1illustrates that the lower regions
3 of electrode structure 1 are formed 1n trenches 7 1n the
semiconductor region 4. Though an insulating material 5
may be present between the electrode structure 1 and the
semiconductor regions 4 and/or 6, msulating material 5 1s
not shown 1n FIG. 6D for clarity. Such an insulating material
5 may be desirable for reducing the gate leakage current.
However, insulating matenial 5 1s optional, as some embodi-
ments do not include an insulating material 5 between the
semiconductor region 4 and/or 6, and the electrode structure
1. FIG. 6E shows an embodiment in which insulating
material 5 1s not icluded. FI1G. 6F shows a portion of FIG.
6F corresponding to a channel region 1n further detail. In
some embodiments, an nsulating material may be formed
along only a portion of an interface between semiconductor
regions 4 and/or 6 and electrode 1.

In some embodiments, a field eflect transistor may be
tformed 1n which the cross section along the line B-B of FIG.
6A 1s as shown 1n FIG. 5B or 5C. That 1s, a field effect
transistor may be formed without the second semiconductor
region 6. Such a transistor may be a PMOS or NMOS
transistor, for example, having source and drain regions of a
first conductivity type (1.e., P-type or N-type) and an inter-
mediate region of low or opposite conductivity type (1.e.,
N-type or P-type) in which a channel may be formed. Such
a transistor can be controlled by changing the gate voltage
to produce (or restrict) a channel region in which the
conductivity of the intermediate region 1s mnverted. When an
electrode structure as illustrated in FIG. 5B or 5C 1s used,
channel regions can be formed all along the interface
between the electrode structure 1 and the semiconductor
region 4. As shown 1 FIGS. 5B and 5C, upwardly-extend-
ing portions of the semiconductor region 4 extend toward
the upper portion 2 of the electrode structure 1 between the
lower regions 3 of the electrode structure 1. FIG. 6G
illustrates that in each upwardly-extending region 4aq of the
semiconductor region 4, three channels 8 may be formed: a
top channel and two channels extending along the sidewall
of the upwardly-extending region 4a.

The field efect transistor 10 may be a normally-on
(depletion mode) transistor or a normally-ofl (enhancement
mode) transistor, for example. In a normally-off field effect
transistor, a gate-source voltage of 0 V maintains the tran-
sistor 1n the ofl-state, and the transistor may sustain a
blocking voltage across the source and drain terminals. To
turn on the normally-off transistor, a positive gate-source
voltage 1n excess of the threshold voltage of the transistor
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may be applied. In a normally-on field effect transistor, the
transistor 1s on when a gate-source voltage of 0 V 1s present,
allowing the transistor to conduct current through the chan-
nel region. To turn off the normally-on transistor, a negative
gate-source voltage lower than the threshold voltage of the
transistor may be applied.

In some embodiments, high performance normally-off
nitride transistors can be fabricated that include an electrode
structure as described herein and a normally-ofl gate region
21, as schematically 1llustrated 1n FIG. 6H. The normally-off
gate region 21 may be formed across the trenches and
semiconductor region 6. A conductive electrode structure 1
may be formed on the normally-off gate region 21. A
normally-off gate region 21 can be formed by any suitable
method, such as removing (e.g., recessing) a portion of
semiconductor region 6 and/or by modifying the upper
surface of semiconductor region 6. Suitable techniques for
forming a normally-ofl gate region 21 include, by way of
example, 1) a gate recess technique as described 1n W. B.
Lanford, T. Tanaka, Y. Otoki, and I. Adesida, “Recessed-gate
enhancement-mode GaN HEMT with high threshold volt-

age,” Electronics Letters, vol. 41, p. 449, 2005 and W. Satito,
Y. Takada, M. Kuraguchi, K. Tsuda, and I. Omura,
“Recessed-gate structure approach toward normally off
high-Voltage AlGaN/GaN HEMT {for power electronics
applications,” IEEE Transactions on Electron Devices, vol.
33, pp. 356-362, February 2006, 2) plasma treatment as
described 1n Bin Lu, O. I. Saadat, E. L. Piner, and T.
Palacios, “Enhancement-mode AlGaN/GaN HEMTs with
high linearity fabricated by hydrogen plasma treatment,” in
Device Research Conterence, 2009. DRC 2009, 2009, pp.
59-60 and Yong Cai, Yugang Zhou, K. J. Chen, and K. M.
Lau, “ngh performance enhancement-mode AlGaN/GaN
HEMTs using fluoride-based plasma treatment,” IEEE Elec-
tron Device Letters, vol. 26, pp. 435-437, July 2003, 3) GaN
MISFETs as described in W. Huang, T. Chow, Y. Nuiyama,
T. Nomura, and S. Yoshida, “730V, 34 mf2-cm2 lateral
epilayer RESURF GaN MOSFET,” in Power Semiconduc-
tor Devices & 1C’s, 2009. ISPSD 2009. 21st International
Symposmm on, pp. 29-32 and Ki-Sik Im et al., “Normally
Off GaN MOSFET Based on AlGaN/GaN Heterostructure
With Extremely High 2DEG Density Grown on Silicon
Substrate,” IEEE Electron Device Letters, vol. 31, pp.
192-194, March 2010, 4) a gate-injection technique as
described 1 Y. Uemoto et al., “Gate Injection Transistor
(GIT)—A Normally-Of AlGaN/GaN Power Transistor
Using Conductivity Modulation,” IE.

HE Transactions on
Electron Devices, vol. 54, pp. 3393-3399, 2007, 3) polar-
1zation engineering, by way of example, or any other suit-
able method. In some embodiments, the normally-ofl gate
region may have a sub-micron gate length to reduce device
on-resistance. The electrode structure 1 can reduce the butler
leakage and the short channel effect of the normally-ofl gate
region 21. The gate electrode 1 may also increase the current
density and reduce on-resistance by inducing sidewall chan-
nels and/or introducing mechanical deformation 1n semicon-
ductor region 4 and 6 1n a case where semiconductor regions
4 and 6 are formed of piezoelectric material.
Varying V - and/or Carrier Density

There are multiple ways to engineer the V . 1n a transistor
to 1mprove its linearity based on the techniques described
herein. Each of these techniques can be applied to each gate
finger 1in the device independently, or to groups of gate
fingers. The sections below describe a few potential 1imple-
mentations, however there are many other options for real-
1zing V- variations across the device (e.g. from gate finger
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to gate finger, or even within a given gate finger). These
variations in the V., can then be engineered to reduce g"_ .
Channels with Different Dimensions

In some embodiments, the V. may be varied across a
transistor as illustrated mm FIGS. 5 and 6 by including a
plurality of regions 14 with different dimensions to produce
different threshold voltages in diflerent regions of the tran-
sistor. Each region 14 may have its own channel. In some
embodiments, the plurality of regions 14 may be a nanowire
(NW) (or fin-) based structure. The transistor may include a
plurality of regions 14 with different dimensions, such as
different widths, heights, lengths, or cross-sectional areas, to
produce different threshold voltages in different channel
regions. The regions 14 with different V.,s and/or carrier
densities are connected in parallel to form the composite
device. The regions 14 may be separated from each other by
non-conducting regions. In some embodiments, the conduct-
ing channels may be formed of heterostructure-NWs of

small cross sectional dimensions, as i1llustrated 1in FIGS. 7A

and 7B. FIG. 7A shows a perspective view and FIG. 7B
shows a top view of such a transistor. Unlike the transistors
of FIGS. § and 6, 1n the transistor of FIGS. 7A and 7B the
widths w of the NW or {in structures vary across the width
of the transistor. A first semiconductor region has a width w_,
a second semiconductor region has a width w,, and a third
semiconductor region has a width w_, where w_<w,<w .
The channels formed 1n these regions of different widths
extend 1n parallel between the source S and the drain D. Due
to the different widths, the regions have different threshold
voltages and/or carrier densities. The total device current 1s
the sum of the currents flowing in the individual regions 14.
The drain current modulation 1s achieved through the gate
metal which at least partially surrounds the regions 14 as
shown 1n FIG. 7A.

In contrast to the conventional planar GaN-HEMTs, the
structure 1llustrated in FIGS. 7A and 7B, can overcome the
linearity limitations. In comparison to a planar GaN-HEM'T
of the same eflective width, the NW-GaNFET displays
lower g" at V.. around V., as seen 1in FIG. 8A due to
smoother off-to-on transition 1 the NW-GaNFET gain (g_ )
characteristics. This 1s because the V. of NW-GaN hetero-
structure varies with the width (W) of the NW as seen 1n
FIG. 8B. This translates to a difference in the V. among
multiple-width NWs forming the NW-GaNFET which cause
the device-g_ to exhibit a smoother transition from off-to-on
state around VGS=V ., hence yielding low g" and large-
signal IMD.

Although FIGS. 7A and 7B show a configuration in which
the semiconductor regions 14 extend all the way between the
source and the drain, the techniques described herein are not
limited 1n this respect. The semiconductor regions 14 may
only be present under the gate, or be present under the gate
and extend a portion of the way across the source and/or
drain access regions. In some embodiments, the dimensions
of the semiconductor regions 14, such as the width, height
or cross-sectional area may be different 1n one or more
access regions than under the gate.

Engineering the Gate Region Stack

Another approach to obtain a V. ~engineered transistor
structure 1s based on changing the gated region of the device
to achieve V ~ollsets among constituent sub-transistors. Any
of the techniques described herein for varying V., can be
used to vary V., among different gate fingers, as shown in
FIG. 14C. For example, gate fingers F1, F2, and F3 each
may have a technique applied that results 1n different thresh-
old voltages V1, V.2, and V.3, respectively. Alternatively
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or additionally, the threshold voltage may be varied across
one or more gate fingers, as illustrated 1n FIG. 14D.

FIGS. 9A and 9B show a technique where the composi-
tion and/or doping concentration ol the semiconductor
regions 1s varied 14 between parallel channel regions. For
example, the heterostructure composition (for example, x
and/ory values in Al In Ga, N (x<1, y<1, x+y<1) may be
varied across the gated region(s)) in the gated region may be
varied among the sub-transistors. FIG. 9A shows a technique
in which the semiconductor regions 14 of FIGS. 5 and 6
have varying composition to vary their threshold voltage).
FIG. 9B shows an embodiment illustrating multiple gate
fingers F1-F3, where the composition of the semiconductor
material 1s different under each of the gate fingers F1-F3, as
in the embodiment of FIG. 14C.

As another example, FIGS. 10A and 10B show that the
thickness of the barrier region (e.g., Al In Ga, N (x<I,
y<1, x+y<1) can be changed to achieve V. oflsets. This can
be done by selective thinning by top-down etching, or
selective growth with appropriate growth masks, for
example.

Another way to engineer the V -oflsets 1s to shiit the
flatband voltage by changing the work-function of the gate
metal among the constituent sub-transistors. This 1s shown
in FIGS. 11 A and 11B where the gate metal composition 1s
changed for the different sub-transistors. This technmique 1s
applicable for both Schottky gate and oxide-gated transis-
tors.

As another example, for V. engineering the equivalent
oxide thickness (EOT) of the gate dielectric in oxide-gated
transistors can be changed. This can be done by changing the
dielectric thickness and/or composition and 1s illustrated 1n
FIGS. 12A and 12B.

Another technique 1s to add additional capacitors 1n series
to each individual (or group) of gate fingers. A semiconduc-
tor material 15 such as a p-type Al In Ga, . N layer in the
gate stack 1s commonly used method to achieve normally-oif
device operation. By varying the thickness and/or doping of
this region, the V- can be oflset amongst the various tran-
sistor elements. This 1s shown 1 FIGS. 13A and 13B.

In addition to these, other methodologies that change the
effective gate capacitance and hence the V., of these ele-
ments which can reduce the g"_ of the overall transistor are
suitable techniques to fabricate a V., engineered device.
Other metrics that aflect V.- could also be implemented to
achieve V ~oflset. Approaches such as strain-engineering to
change the polarization-charge oflset (Ao), changing eflec-
tive gate-stack capacitance (C ), metal-work function engi-
neering (¢) channel-doping to change the Fermi-level (E )
can be adopted since they change V.- of the multiple con-
stituent transistor elements. Strain engineering can be imple-
mented by different passivation materials/thickness on top of
the gate-metal along the width-direction, different stressor
layers (either beneath the channel or in S/D regions) or
epi-layers. It 1s also possible to locally change the doping of
some gate/channel regions by using fluorine plasma or 1on
implantation.

Any of the approaches mentioned above with fewer
variations (ol heterostructure thicknesses, metals or gate-
stack variations) can be used and then broader distribution of
V... can be obtained by patterning those structures and
changing the pitch between them. Any of the techniques
described herein may be used in combination to vary V. In
some embodiments, using such techniques 1n combination
can achieve a larger V ~oflset range.

Above have been described techniques for producing
different threshold voltages 1n diflerent regions of a transis-
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tor. Accordingly, a transistor may be produced having sub-
transistors or gate-controlled regions with different thresh-
old voltages. In some embodiments, the number of sub-
transistors or gate conftrolled regions at each threshold
voltage may be varied at different threshold voltages. For
example, 11 the width of a fin 1s varnied to produce different
threshold voltages, as illustrated 1n FIGS. 7A and 7B, the
number of fins at each width (and therefore threshold
voltage) may be varied. However, any suitable technique can
be varying the threshold voltage may be used. Varying the
number ol number of sub-transistors or gate controlled
regions at each threshold voltage can help to reduce the g
derivatives, particularly the g _ derivatives around the high-
est and lowest threshold voltages. FIG. 20A shows a plot for
one example 1n which the number of sub-transistors or gate
controlled regions varies with threshold voltage. The curve
of FIG. 20A was selected to optimize the g dernivatives for
this particular example. In this example, there may be
twenty-two sub-transistors or gate controlled regions for
cach threshold voltage produced between -3V and +3V. The
number of sub-transistors or gate controlled regions at each
threshold voltage 1s gradually reduced with more extreme
threshold voltages for threshold voltages below -3V and
above+3V. This can help to reduce the size of the g
derivatives at the more extreme threshold voltages, due to
the reduction in the number of sub-transistors or gate
controlled regions at the more extreme threshold voltages.
The curve illustrated 1n FIG. 20A 1s asymmetrical, which
reflects the asymmetry in the g denivatives for a single
sub-transistor or gate-controlled region.

FIG. 20B shows g, for a device having variations in the
number of sub-transistors or gate controlled regions at each
threshold voltage as illustrated 1n FIG. 2A as well as for a
reference design having a single sub-transistor or gate-
controlled region. FIG. 20B illustrates that both devices
have the same gain because they have the same area under
the g_ curve. FIGS. 20C and 20D show plots of g' _ and g"
for both designs, and 1llustrates the a device having varia-
tions 1n the number of sub-transistors or gate controlled
regions at each threshold voltage as illustrated 1n FIG. 2A
has significantly lower values of g'_ and g" .

Engineering the Access Regions

As shown 1n FIGS. 14A and 14B, the multiple finger
regions of the structure of FIGS. 7A and 7B may be formed
only beneath the gate metal while the access regions remain
as conventional planar GaN transistors. This design accom-
plishes a larger effective width for the access regions, which
lowers their total resistance and their non-linear contribution
to the device g _ characteristics at high V ... The design
combines the atorementioned advantage of low g"_ around
V-~V ~along with improved linearity performance at high
V o or saturated power conditions (Psat). These multiple
fingers 1n the gate region can be NWs that have different
widths and/or can be engineered gate stack structures. The
techniques highlighted above yield improved large-signal
linearity performance of GaN-PAs in terms of lower har-
monic content 1n the output-signal, higher Psat, higher OIP3
and lower IMD.

The channel of the devices described herein could be
formed by either a top-down method or a bottom-up method.
The techmiques described herein can be applied to both
normally-on (Depletion-mode) and normally-off (Enhance-
ment-mode) transistors. The techniques discussed herein can
be combined to achieve diflerent variants of the design. In
addition, the heterostructure can be removed altogether to
form a truly metal-oxide-semiconductor field effect transis-
tor (MOSFET) which can be either p-type or n-type. Other
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techniques such as recessed gate or implantation under the
gate to achieve normally-oil operation can be applied along

with the V - oflsetting and engineering approaches described
here. The proposed structure can be implemented on any
substrate by growth or layer transfer technology and for
channels that are both N-face and Ga-face. The techniques
and device structures described herein can also be applied to
transistors made of other semiconductors such as silicon,
GaAs, InGaAs, etc.

Vertical Transistors

The techniques described herein can also be used to
improve the linearity of vertical transistors. For example, 1n
the case of vertical transistors where the current 1s confined
to vertical fins, the threshold voltage can be locally modu-
lated by changing the width of the fins, the gate oxide
thickness or any of the other techniques described in the
previous sections. For example, 1n vertical GalN transistors
based on nano-pillars, the threshold voltage i different
regions can be changed by varying the width of the pillars.
These techniques can also be applied to CAVET devices and
other vertical transistors.

Example 1

Introduction

Described herein 1s a demonstration of a new technology
to improve the linearity of GaN-based high electron mobility
transistors (HEMTs) through device-level transconductance
(g_)-compensation. The increasing demand for mobile
devices and internet of things (Io'1) necessitates eflicient
wireless communication. GaN-based HEMTs are emerging
as the 1deal candidates that can address the surging demand
for highly efficient, linear amplification of digitally modu-

[ 1

lated 1information to cater to applications such as 5G-LTFE,
WIMAX, Sat-Com, CAT-TV and radar. While GaN-HEMTs
can vield superior output power (Pout), and power-added-
eliciency (PAE), GaN-based power amplifiers (PAs) suller
from severe non-linearities. Non-linearities 1n the PA tran-
sistors result 1in significant side-bands, saturation of output
power at high input powers, as well as signal distortion. In
addition, the back-ofl 1n input power levels needed to meet
typical linearity requirements significantly reduces the PAE
of the amplifier.

Here, we demonstrate a device-level implementation
using lin-like structures patterned and etched 1n the GaN-
HEMT. The composite device includes variable-width-fins
forming the channel between source and drain. Since the
threshold-voltage (V) changes with fin-width, the compos-
ite device has parallel FET-elements with offset V s that
reduce the composite g_-derivatives and hence large-signal
non-linearity. The device-level technique has the added
advantage of achieving the linearity boost using a single
gate-bias supply and reduced footprint unlike prior tech-
niques. The composite fin-based device yields 2x reduction
in g _-dernivatives and ~15 dB reduction i harmonic and
inter-modulation-distortion (IMD) power. Further, we com-
bine the nano-fin based V. engineering technique with
ellective source-drain self-alignment (by making the access
regions wider than the gated-region-width) and achieve
significant boost in device-linearity: 20 dB improvement 1n
IMD and harmonic power, 6 dB 1 OIP3. The technique
demonstrated 1n this work, when implemented on high-
performance commercial GaN-HEMT technologies 1s pro-
jected to vyield highly linear RF-GaN HEMTs with low
signal distortion: POIP3/PDC=20 dB, OIP3=30 dBm with
IMD below the distortion limit as projected using the
MI'T-Virtual Source GaNFET (MVSG) model, thus proving
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the potential of GaN-technology 1n advanced high-power,
high-frequency RF and communication applications.

g -Compensation Technique: Principle of Operation
By connecting multiple FETs 1n parallel (common source
and drain) with different gate-overdrive (V .-V ) quiescent
bias voltages, the eflective g derivatives (g' and g" ) of
the FET 1n the PA can be reduced. Since the key DC-device-
transfer functions that correlate to the large signal non-
linearity of the PA are the g, and its derivatives (g', and
g" ), the technique can vield high-linearity PAs. FIG. 15A
plots a typical g_ vs. gate to source voltage (Vo) for a
standard AlGaN/GalN HEMT. There are two regions where
g' and g" are high: (1) The ofi-to-on transition region
V,<V_.<V, and (2) the region V. >V,. As seen 1 FIG.
15B, when an mnput signal v, =A cos(wt) at a frequency m 1s
applied to the mput of a PA, the amplified signal consists of
the fundamental output at co, which 1s proportional to g,
v_xg A(cos(mt)) and additional hjgher frequency outputs,
which are proportional to g' and g" _ at 2m and 3m as given
111 Eq. (1) The two-tone IMD 51gnal 1s also proportional to
g" as given in Eq. (2).

g’ A*(1 + cos(2wt)) (1)

Vout2 & 2

g” A% (Bcos(wi) + cos(3wi))
s Vout3d P

g:;A?’(chs((le — w7 )1 + 3cos((2wr — o)) (2)

4

IMD o

These additional harmonic outputs are undesirable
because they result in power loss from the PA. At the
circuit-level, g" can be reduced by connecting a set of
transistors together with a slight offset in gate biases V.,
applied to them. The individual transistors will each have a
characteristic g" curve which will be oflset by the same
amount as the V., s, as seen i FIG. 15C (left). The
successive peaks cancel each other when the transistors are
connected together, resulting 1n a reduced composite g"
seen 1 FIG. 15C (rnight). At the device-level, a similar
concept can be applied by having adjacent devices or
device-clements within a single device with a slight ofiset 1n
their threshold voltages (V ), as seen 1n FIG. 15D.

High-Linearity Device Fabrication

Two different types of fin-based devices for achieving
high-linearity were fabricated in this work. In the type-I
devices, the fin-structures were present 1n both the channel
and access regions of the device. Source and drain ohmic

contacts were first fabricated by patterning and depositing a
Ti/Al/Ni/Au (200/1000/250/500 A) metal stack on a nomi-

nal 23 nm Al,,,Ga, --IN/1 nm AN/1.2 um GaN on SiC
HEMT structure, supplied by IQE, followed by 30 s rapid
thermal annealing at 800° C., as seen 1n FIG. 16 A. Hydrogen
silsesquioxane (HSQ) electron-beam resist was then used to
pattern the fin structures between the source and drain
contacts. With the HSQ-based S10x hardmask, the fin struc-
tures were etched using a BCI3/CI2 inductively coupled
plasma (ICP) dry etch FIGS. 16B-C. Devices containing five
different width fin-structures (ranging from ~150 to 450 nm)
within a single device (called M-1in devices) were fabricated
along with baseline devices consisting of a single width of
the fin-structure (called S-fin devices) between the source
and drain contacts. Both the S-fin and M-{in devices had the
same total current carrying width. The gate length (L),
gate-to-source (L) and gate-to-drain (L) spacing were
0.25-0.5, 1 and 3 um respectively 1n all devices. After N1/Au
Schottky contact gate metallization (FIG. 16D), all devices
were passivated with 60 nm of plasma-enhanced chemical
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vapor deposited SiNx. In the type-II devices, the fin struc-
tures of the devices were restricted to be present only 1n the
gate (channel) region with the source and drain access
regions remaining planar. After ohmic contact definition and
HSQ patterning of the fin, as was done in the type I devices
(FIGS. 16E-F), ZEP-520A electron beam resist was used to
define the gate region of the device. This was followed by a
BCI3/Cl12 ICP dry-etch (FIG. 16G). Here, the ZEP resist acts

as a mask and prevents the source and drain access regions
from being etched, whereas the HSQ pattern in the gate
regions allows the fin-structures to be etched within the
pre-defined gate region. Following this, the HSQ was
removed by dilute HF acid and Ni/Au gate metal was
deposited without any additional lithography, making the
gate self-aligned with the fin (FIG. 16H). SiN

. passivation

was deposited as 1 the type-1 devices.

Type-1 Devices: DC and Linearity Characteristics

FIG. 17A shows the schematic and scanning electron
microscope (SEM) 1image of a type-1 S-fin device with the
fin-structures extending from the source to the drain. Five
different S-fin devices were fabricated such that their indi-
vidual fin widths are different but the total conduction width
1s the same for all devices. As seen from the transfer curves
in FIG. 17B, as the fin-width 1s reduced, the V. for these
devices shifts towards zero. This 1s attributed to a larger
impact ol surface depletion and to the relaxation of the
lattice stress and a consequent reduction in the 2DEG
density 1n the AlGalN/GaN piezoelectric material system. In
FIG. 17C, the V. (defined at drain current ID=1 mA/mm) 1s
plotted as a function of the fin-width. The widths were
designed such that the difference 1n V- between successive
widths 1s about 0.2-0.3 V, which may be optimum {for
gm-compensatlon FIG. 18 shows the schematic and SEM
image of a type-I M-fin device, in which fins of all the
widths used for the S-fin devices are present between the
source and drain contacts of a single device. The total width
of the M-fin device 1s designed to be equal to an 1individual
S-fin device.

Type-II Devices: DC and Linearity Characteristics

As mentioned before, some devices (type-II) were
designed such that the fin structures are restricted to be
within the gate region. This keeps the access regions of the
device planar, thereby reducing access resistance of the
device and prevents the g _-degradation in the on-state
(Region 2. the region V o>V, in FI1G. 17 A which 1s relevant
for high-power near-Psat operation in PAs). Thus type-II
devices are expected to be more linear 1n this region with a
particular reduction 1n g'and hence harmonic power. FIG.
19 shows the device schematic and SEM image of the
type-1I M-fin device, with fins of varying width present
within the 250 nm length gate region, while the access
regions remain planar.

Conclusions

This work 1illustrates the use of device-physics and sys-
tem-level understanding to demonstrate a novel device-
technique to achieve high-linearity in RF-GalN HEMTs. By
climinating access-regions and engineering device-transier
function (g, and 1ts derivatives), a significant boost 1n
large-signal non-linearity: 20 dB reduction in harmonics,
OIP3 boost by 6 dB i1s shown. The full potential of this
technique in providing IMD below the state-of-art 1s high-
lighted 1n commercial RF-devices using physical-MVSG
model.

Example 2

This example reports on a new technology to improve the
linearity of transistors via device-level transconductance
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(g ) compensation. Fin-like structures are used to locally
vary the threshold voltage (V) of the AlGaN/GaN high
clectron mobaility transistors (HEMTs) and reduce the higher
order derivatives of g 1n the bias range of interest for device
operation as a power amplifier (PA). The proposed technique
achieves at the device level similar improvements as the
circuit-level g compensation technique, where several field
cllect transistors (FETs) are combined with different gate-
overdrive voltages to lower the effective circuit-level g_ -
derivatives. The V.. of GaN HEMT transistors 1s modulated
by fabricating fin structures in the channel and varying their
widths. By adopting a transistor design with a combination
of different fin widths (and hence different constituent V s),
the ofl-to-on transition of g, 1n the subthreshold regime can
be engineered to vield lower magnitudes of higher order
derivatives of gm (g' and g" ). About 50-60% reduction 1n
higher order g derivatives 1s obtained, when compared with
conventional planar devices. In-turn, this lowers the device-
large-signal second- and third-order harmonic output power
by about 15-25 dB, enabling improved linearity in PAs
designed using this novel device.

Introduction

The recent proliferation of mobile devices along with the
surge 1n the demand for internet-of-things (IoT) 1s increasing
the need for eflicient wireless data commumnication. Key
emergent applications ranging from 5G-LTE, WIMAX, Sat-
Com, CAT-TV, radar, space applications, D2D and other
communication protocols i1n the range of L-band to milli-
meter-wave have to operate within stringent constraints on
the spectral bandwidth as well as adjacent-channel interfer-
ence. Non-linearities 1n the power amplifier (PA) transistors
result 1n significant side-bands, and saturation of output
power at high input powers.

To improve the amplifier linearity, the output power 1s
typically backed-ofl, however this severely degrades the
power-added-etliciency (PAE) i GaN amplifiers. The
power consumed 1n base stations accounts for 56% of the
total power consumed 1n a typical end-to-end cellular net-
work and hence maintaining good linearity along with high
PAE 1s critical. Common techniques to improve linearity
(c.g. the use of pre-distortion circuits), in addition to
increased system complexity, do not work at the highest
operating band. This example demonstrates a device archi-
tecture that achieves better linearity performance while
maintaining a similar PAE. The technique, while applicable

to any FET, 1s demonstrated in this work by using GaN-
based HEMTs.

Lateral AlGaN/GaN High Flectron Mobility Transistors
(HEMTs) are widely used in the PAs of cellular base
stations. The AlGaN/GaN material system combines the
high critical electric field of wide bandgap maternials with the
high mobility and electron density of a polarization-induced
two dimensional electron gas, making 1t ideal for high power
radio frequency (RF) amplification. However, AlGaN/GaN
RF devices sufler from large-signal non-linearity, caused by
the high electron mobility of the two dimensional electron
gas (2DEG), and the increase 1n access region resistance at
high gate voltages. This leads to early saturation of output
power and gain compression. In this example, the non-
linearity 1n the DC transconductance (g,.) of AlGaN/GaN
HEMTs 1s improved by a device-level implementation of the
“o -compensation method.”

When an 1nput signal v, with a frequency w 1s applied to
the mput of a PA, the amplified signal consists of the
fundamental output vout at m, and additional higher fre-
quency outputs mostly at 2o and 3w. These additional
harmonic outputs are proportional to the first and second
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derivative of g_, ¢' and g'_, and are undesirable because
they result 1n power loss from the PA. In addition, the
third-order intermodulation distortion (IMD-3) output,
which 1s an important criterion for evaluating linearity, 1s
proportional to g"_ . There are two regions where g and g"
are high: 1. The off-to-on transition region V,<V - <V,, and
2. the region V . >V,. The circuit level-g_ -compensation
technique essentially reduces the magnitude of these deriva-
tives by connecting in parallel (source and drain terminals
connected together) transistors with an offset 1n their gate-
overdrive voltages (V .-V ). Dillerent gate-overdrive volt-
ages shift the g_ vs. V .. characteristic on the voltage axis,
causing the cancellation of the higher order derivatives in
the eflective g, _ of the parallel combination of FETs.
Although 1t can 1mprove the amplifier linearity, the tradi-
tional implementation of the g compensation technique at
the circuit level requires multiple biasing networks along
with voltage sources which may not be desirable for a
compact RF-MMIC implementation. Instead of using mul-
tiple gate-voltages to achieve the oflset 1n the gate-overdrive
voltages 1n the constituent FETs, we can use FETs with
oflsets 1n V., to achueve the same objective with a single

ate-voltage bias supply. The eftective g"  1s then reduced
for the combination of the five transistors, because the
successive g peaks cancel each other due to the offset 1n
the peaks and valleys of the different g" . In this example,
in order to implement the g, -compensation method at the
device-level, we utilize AlGaN/GaN fin structures, 1n which
the threshold voltage of the fin transistors varies with its
width. The offsets in g"  are achieved within a single device
by combiming together fins of five diflerent widths between
the source and drain electrodes of the device, where the five
widths are chosen such that the V. offset between succes-

sively higher widths 1s ~0.2-0.3 V.

Device Fabrication

Device fabrication started with the definition and metal-
lization of a Ti/Al/Ni/Au (200/1000/250/500 A) metal stack
on a nominal 23 nm Al, ,;Ga, --N/1 nm AN/1.2 um GaN on
S1C HEMT structure, followed by 30s rapid thermal anneal-
ing at 800 degrees C. to form the source and drain ohmic
contacts. Hydrogen silsesquioxane (HSQ) electron-beam
resist was then used to pattern the fin structures between the
source and drain contacts. With the HSQ-based S10x hard-
mask, the fin structures were etched using a BCI3/CI2
inductively coupled plasma dry etch. Two types of devices
were Tabricated—those with fins of a single width between
the source and drain (S-fin devices), and those with five
different fin widths between the source and drain (multiple
width or M-fin devices). Both the S-fin and M-fin devices
have the same total current carrying width (30 um conduc-
tive width with 70 um of total etched width between the
fins). Standard planar devices were also fabricated on the
same waler for comparison. The gate length, gate-to-source
and source-to-drain spacing were 0.5, 1 and 3 um respec-
tively 1 all devices. After NiVAu Schottky contact gate
metallization, all devices were passivated with 60 nm of
plasma-enhanced chemical vapor deposited SiINx. The V-
(defined at drain current ID=1 mA/mm) of the M-fin device

~—=2.76 V) 1s more positive than the planar device
(V.==3.42 V) due to channel 2DEG-depletion 1n the {in
structure. Furthermore, the output characteristics show simi-
lar output currents for the M-1in device, 1n comparison to the
planar device.

Results and Discussion

Table 1 compares the various device properties of the
fin-like devices with a planar device. It can be seen that the
fin-formation leads to a higher on resistance and lower
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breakdown voltage, however the 1-1s comparable, while the
t __ 1s larger for the planar device. This might indicate

increased gate resistance due to the fin (and hence sidewall
gate metal) formation.

TABLE 1

COMPARISON OF DEVICE PROPERTIES

Quantity Planar M-fin S-fin

Le 500 nm 500 nm 500 nm

I, max. 609 mA/mm 468 mA/mm 526.67 mA/mm

R, 4,76 £2-mm 9.09 2-mm 9.52 L2-mm

fr ~8 GHz ~7 GHz ~7 GHz

f ~40 GHz ~25 GHz ~25 GHz

BV 78 V 62 V 66 V
Conclusions

In this example, the slope of the g_ vs. V.. curve i1s
engineered in order to obtain lower g' and g" 1n the
ofl-to-on transition region, which leads to lower harmonic
outputs under Class AB-Class C amplifier operation. This
g -compensation was demonstrated at the device level using
fin structures, in which the V -1s modulated by changing the
fin width. Fins of five different widths were combined
between the source and drain electrodes to form a single
composite device. This allows the slope of the g vs. VGS
curve to be lower, giving a gentler rise of g, 1n the ofi-to-on
transition ol the device. The resulting g' and g" were
reduced by more than 50% 1n this device, in comparison to
a S-fin device. The V ~engineered device also exhibited a
reduction 1n large-signal harmonic output power content of
15 dB, which 1s a sigmificant boost in the linearity perfor-
mance of the amplifier.

Additional Aspects

Aspects of the apparatus and techniques described herein
may be used alone, 1n combination, or mn a variety of
arrangements not specifically discussed 1n the embodiments
described 1n the foregoing description and 1s therefore not
limited 1n its application to the details and arrangement of
components set forth in the foregoing description or 1llus-
trated 1n the drawings. For example, aspects described 1n one
embodiment may be combined 1n any manner with aspects
described in other embodiments.

Use of ordinal terms such as “first,” “second,” “third.”
etc., 1n the claims to modily a claim element does not by
itself connote any priority, precedence, or order of one claim
clement over another or the temporal order 1n which acts of
a method are performed, but are used merely as labels to
distinguish one claim element having a certain name from
another element having a same name (but for use of the
ordinal term) to distinguish the claim elements.

Also, the phraseology and terminology used herein 1s for
the purpose of description and should not be regarded as
limiting. The use of “including,” “comprising,” or “having,”
“containing,” “involving,” and variations thereof herein, 1s
meant to encompass the items listed thereafter and equiva-
lents thereol as well as additional 1tems. For example, an
apparatus, structure, device, layer, or region recited as
“including,” “comprising,” or “having,” “contaiming,”
“immvolving,” a particular material 1s meant to encompass at
least the material listed and any other elements or materials
that may be present. The partially open-ended phrase “con-
s1sting essentially of” 1s meant to encompass essentially the
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material listed and does not preclude the presence of rela-
tively small quantities of other materials, including the
presence ol dopants.

The terms “layer” and “region’ are used interchangeably
herein. Use of one term as opposed to the other 1s not meant
to connote any difference 1n the shape, structure or method
of fabricating the referenced “layer” or “region.”

What 1s claimed 1s:

1. A transistor, comprising:

at least one gate;

a first gate-controlled region having a first threshold
voltage, wherein the first gate-controlled region com-
prises at least one first semiconductor region controlled
by the at least one gate, wherein the at least one first
semiconductor region 1s between respective portions of
the at least one gate; and

a second gate-controlled region 1n parallel with the first
gate-controlled region, the second gate-controlled
region having a second threshold voltage diflerent form
the first threshold voltage, wherein the second gate-
controlled region comprises at least one second semi-
conductor region controlled by the at least one gate,
wherein the at least one second semiconductor region 1s
between respective portions of the at least one gate,

wherein the at least one first semiconductor region and the
at least one second semiconductor region have different
dimensions.

2. The transistor of claim 1, wherein the transistor 1s a

field eflect transistor.

3. The ftransistor of claim 2, wheremn the field elfect
transistor 1s a high electron mobility transistor (HEMT).

4. The transistor of claim 2, wherein the transistor com-
prises a I11I-V semiconductor matenal.

5. The transistor of claim 1, further comprising:

a source; and

a drain;

wherein the first and second gate-controlled regions are 1n
parallel between the source and the drain.

6. The transistor of claim 1, wherein the first gate-
controlled region and the second gate-controlled region have
different widths.

7. The transistor of claim 6, wherein the at least one first
semiconductor region comprises at least one I1I-V semicon-
ductor matenal.

8. The transistor of claim 7, wherein the at least one first
semiconductor region comprises a barrier layer of a first
I11I-V semiconductor material and a region of a second I1I-V
semiconductor material different from the first II1I-V semi-
conductor material.

9. The transistor of claam 1, wherein the first gate-
controlled region and the second gate-controlled region have
different compositions.

10. The transistor of claim 1, wherein the first gate-
controlled region has a first barrier region and the second
gate-controlled region has a second barrier region, wherein
the first and second barrier regions have different thick-
nesses.

11. The transistor of claim 1, wherein the first gate-
controlled region 1s controlled by a first gate region having
a first gate material and the second gate-controlled region 1s
controlled by a second gate region having a second gate
material different from the first gate material.

12. The transistor of claim 1, further comprising a first
gate dielectric overlying the first gate-controlled region and
a second gate dielectric overlying the second gate-controlled

region.
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13. The transistor of claim 12, wherein the first and
second gate dielectrics have different thicknesses and/or
compositions.

14. The transistor of claim 1, wherein the first gate-
controlled region 1s controlled by a first gate region and the
second gate-controlled region 1s controlled by a second gate
region, and the transistor further comprises a first material
overlying the first gate region and a second material over-
lying the second gate region, the first and second materials
having different compositions, doping concentrations and/or
thicknesses.

15. The transistor of claim 1, wherein the first gate-
controlled region i1s controlled by a first gate finger and the
second gate-controlled region 1s controlled by a second gate
finger.

16. The transistor of claim 15, wherein the transistor
comprises a plurality of source and drain regions.

17. The transistor of claim 1, wherein the first and second
threshold voltages are offset from one another to reduce g" .

18. The transistor of claim 1, further comprising a third
gate-controlled region having a third threshold voltage dii-
terent from the first threshold voltage and the second thresh-
old voltage.

19. The transistor of claim 18, wherein the first and
second threshold voltages are oflset from one another by
0.1-2V and the second and third threshold voltages are offset
from one another by 0.1-2V.

20. The transistor of claim 1, wherein the first gate-
controlled region and the second gate-controlled region have
different lengths.
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21. The transistor of claim 1, wherein the {first gate-
controlled region and the second gate-controlled region have

different heights.

22. The transistor of claim 1, wherein the {first gate-
controlled region and the second gate-controlled region have
different cross-sectional areas.

23. A circuit, comprising:

a first transistor having a first threshold voltage, the first

transistor having a first gate-controlled region; and
a second transistor 1n parallel with the first transistor, the
second transistor having a second threshold voltage
different from the first threshold voltage, the second
transistor having a second gate-controlled region,

wherein the first gate-controlled region and the second
gate-controlled region have channels of different
dimensions between respective portions of at least one
gate.

24. A method of forming a transistor, comprising:

forming a first gate-controlled region having a first thresh-

old voltage; and

forming a second gate-controlled region 1n parallel with

the first gate-controlled region, the second gate-con-
trolled region having a second threshold voltage dii-
ferent from the first threshold voltage,

wherein the first gate-controlled region and the second

gate-controlled region have channels of different
dimensions between respective portions of at least one
gate.
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